Due to the huge data of large-scale photovoltaic (PV) power plants, the establishment of its equivalent model is more practical than a detailed model. In connection with the current research status, this paper reviews the steady-state equivalent model and transient equivalent model of PV power plants. The steady-state equivalent model is used for power flow calculation and static stability analysis. Transient equivalent models contain the single-machine equivalent model and the multi-machine equivalent models, which are used for the simulation analysis of large disturbances. The calculation of equivalent parameters and the equivalence of power collection system are briefly introduced. The conclusion and problems to be solved are put forward at the end. The establishment of the equivalent model simplifies the detailed model, which is convenient for the planning and simulation analysis of the PV power plant, and can also accurately characterize the operating characteristics of the PV power plant, which is of great significance.
Introduction
The development of renewable energy sources such as solar energy and wind energy is an important measure for the transformation of energy structure. It has become the consensus of all countries in the world, and is also the general trend of global energy changes. The European Union once mentioned that by 2050, Europe's energy supply will entirely come from renewable energy sources without nuclear energy, and a complete replacement of conventional energy by renewable energy sources will be achieved [1] . Many countries are rich in solar energy resources and have advantages for the development of solar energy utilization, and so does China since the 13th Five-Year plan (the five-year plan, known as the outline of the five-year plan for the People's Republic of China's national economic and social development 2016-2020, is China's thirteenth five-year plan). With the rapid improvement of solar cell technology, the costs of solar cell production and PV power generation have declined rapidly. Under the support of various PV policies, the PV power market in China has continued to develop rapidly. In 2017, the cumulative installed capacity of PV power in China reached 130 million kW, and the target of the "13th Five-Year" plan was completed ahead of schedule [2] . China has invested a lot of energy in the construction of large-scale PV power plants.
The development of large-scale PV power plants is the focus of strategic research on renewable energy development [3, 4] . A PV power generation system mainly works in the grid-connected mode. However, unlike conventional power plants, high-capacity PV power plants have a huge impact on the dynamic characteristics of the power grid and also have a significant impact on the safe and stable operation of the power grid [5, 6] . Therefore, in view of the analysis of the grid-connected operation characteristics of large-scale PV power plants, scholars have carried out a large number of modeling studies on grid-connected PV power plants, including the model of the independent core components of PV systems [7] [8] [9] and the overall model of the system [10] [11] [12] , most of which are based on detailed models of PV power plants. For small and medium PV power plants, detailed models can be established for simulations, however, large-scale PV power plants are usually made up of dozens or even hundreds of PV units. Establishing detailed models one by one greatly increases the complexity and the time of the simulation. Therefore, taking into account both the accuracy and simplification of PV power plant models, establishing equivalent models of large-scale PV power plants that equivalently replace the detailed models can accurately characterize the operation characteristics of large-scale PV power plants and also provide convenience for planning and analysis as well as meet the requirements of simulation and calculation.
The equivalent models of large-scale PV power plants include steady-state equivalent models and transient equivalent models [13] . Steady-state equivalent models are used for power flow calculations and static stability analysis, and can be further extended to the planning, scheduling, and evaluation of PV systems. Transient equivalence can simplify a large-scale system and reproduce the dynamic response characteristics, which is mainly used to solve the problem of the transient stability of the PV power system after fault disturbance [14, 15] .
Therefore, the purpose of this paper was to summarize the current status and achievements of the research on equivalent models of large-scale PV power plants so that more readers can understand the meaning of equivalence modeling and promote the idea of using equivalence modeling more widely. In addition, the paper also provides a reference for further research. In this paper, the composition of large-scale PV power plants is first introduced. Then, the steady-state equivalent models of PV power plants are described. The transient equivalent models of large-scale PV power plants are introduced in detail including the single-machine equivalent model and multi-machine equivalent models. Finally, the calculation of equivalent parameters and the equivalence of the power collection system are summarized.
Composition of PV Power Plants
Grid-connected PV power generation systems mainly consist of PV arrays, inverters, transformers, and other links of the network [16] , as shown in Figure 1 . A PV array consists of multiple PV cells in series and in parallel. The electricity generated by the PV array is delivered to the grid via inverters, filters, and transformers [17] .
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PV array Inverter

Filter and boost system
Power Grid Large-scale PV power plants are made up of dozens or even hundreds of PV power generation units and are quite different from small and medium PV power plants. Small and medium PV power plants are generally distributed power plants, which are mainly installed on the surface of the buildings such as in building integrated systems and rooftop PV systems, solving the problem of electricity consumption of users nearby [18] . The number of PV power generation units in small and medium PV power plants are small. The connection mode and the grid system are simple. Largescale PV power plants are generally centralized power plants built on vast areas such as the desert surface that can make full use of the abundant and stable solar energy resources, and are connected Large-scale PV power plants are made up of dozens or even hundreds of PV power generation units and are quite different from small and medium PV power plants. Small and medium PV power plants are generally distributed power plants, which are mainly installed on the surface of the buildings such as in building integrated systems and rooftop PV systems, solving the problem of electricity consumption of users nearby [18] . The number of PV power generation units in small and medium PV power plants are small. The connection mode and the grid system are simple. Large-scale PV power plants are generally centralized power plants built on vast areas such as the desert surface that can make full use of the abundant and stable solar energy resources, and are connected to high-voltage transmission systems to supply long-distance loads [19] . The number of PV power generation units in large-scale PV power plant is large. It has large installed capacity, high voltage level, and a complex model structure and the equivalent model is needed to simplify it for simulation and computation.
Inverter control system
Steady-State Equivalent Model of PV Power Plants
The change of environment makes the output of PV power generation random, fluctuating, and intermittent. A large-scale grid-connected PV power plant has great influence on the power flow and static stability of the connected power grid [20] . Establishing the steady-state equivalent model of large-scale PV power plant is of great significance to the planning and scheduling of power systems.
The Type of Nodes
According to the control strategy of PV power plant inverters, PV power units are usually treated as PQ (fixed active power output and reactive power output) nodes, PI (fixed active power output and constant grid-tied current) nodes, or PV (fixed active power output and voltage magnitude) nodes [21] . The summary is shown in Table 1 . When the PV inverter adopts current control, it is regarded as a PI node that outputs constant active power and current, and the reactive power output of the PI node can be obtained through each iteration of power flow calculation so that it can be regarded as a PQ node for processing [22] ; For the PV inverter with constant power factor control, the reactive power output of the compensation device is related to the voltage amplitude of the node, and the PV power units can also be equivalent to the PQ nodes [23] ; If a voltage-controlled inverter is used, it can be regarded as a PV node with constant active power and voltage. In the power flow calculation, the output voltage needs to be kept constant through reactive power regulation and optimization. However, during the iteration process, if reactive power exceeds its own capacity limit, the PV node needs to be converted into a PQ node for processing [24] .
The Overall Equivalent Model
The overall model of the PV power plant is composed of a PV array, inverter, power collection system, and other components that are reasonably equivalent. Therefore, the overall model is less affected by the structure of specific components and is suitable for combination with power flow calculation and conversion about the type of nodes used for static voltage stability analysis. For example, the principle of power electronic transformation and instantaneous power balance can be applied to the overall steady-state model of a PV power plant. The state variables of the PV power plant and power grid are all taken into account in the power flow calculation, so as to comprehensively analyze the performance of the large-scale PV power plant during steady-state operation [25] . In [26] , a PQ-coupled PV power flow calculation model was established. The output of a PV system can be regulated by setting the system modulation ratio and phase shift angle to make the PV power plant work in an approximately ideal state. In [27] , it was considered that the analysis of static voltage stability is one-sided if a large-scale grid-connected PV power plant is simply equivalent to one node. Taking into account the internal components of the large-scale PV power plant and the network impedance, the overall steady-state equivalent model of a large-scale PV power plant was established. Bonfiglio proposed a static equivalence modeling method for a large-scale PV power plant that was grid-connected with a transmission/distribution network and could effectively evaluate the active power and reactive power losses in [28, 29] .
Transient Equivalent Model of PV Power Plants
The transient equivalent model is mainly used for large disturbance simulation analysis in power systems. According to the size of the PV power plant, inverter types, and research issues, the transient equivalent models can be divided into two types: single-machine equivalent model and multi-machine equivalent models. The single-machine equivalent model aggregates all PV power generation units into one unit. The multi-machine equivalent models are based on the same-tune idea [30] , and the original system is divided into groups.
The Single-Machine Equivalent Model of PV Power Plants
The single-machine equivalent model does not consider grouping PV power plants, which means using one PV power generation unit to replace all units [31] . Single-machine equivalence can use capacity weighting and parameter identification. The two methods have their own characteristics and different application conditions. The comparison is summarized in Table 2 . Table 2 . The single-machine equivalent method of PV power plants.
Equivalent Basis Practical Application Results
Capacity equal weighting
Basic parameter aggregation [32, 33] Simple and easy to operate; Low precision; Ideal situation
The equivalence of wind, PV and energy storage system [34] "Double multiplication" model that runs at full capacity [35] Parameter aggregation of Thevenin equivalent model [36] Parameter aggregation Norton equivalent model [37] Parameter identification Crow search algorithm [38] Higher precision; Difficult to operate;
Actual situation
Least Squares [39] Non-linear system identification technology [40] 
Capacity Equal Weighted Method
Ideally, it is considered that the types and parameters of the inverters in PV power plants are the same. All PV power generation units transmit the same power at the same moment. In this case, the entire PV power plant can be equivalent to one PV power generation unit according to the principle that the voltage at the grid connection point and the total output current are constant [32] . Based on the capacity equal weighted method, the following formulas can be used to obtain the equivalent parameters, including the equivalent rated capacity of inverters and transformers, the equivalent capacitance, the equivalent inductance and the equivalent impedance:
In the formulas, S i , S Ti are the rated capacity of the inverter and transformer in PV power unit i; C i , L i are the capacitance and inductance in PV power unit i; Z ci , Z Ti are the impedance of the inverter and transformer in PV power unit i; m is the number of PV power generation units; The subscript eq indicates the parameters of the equivalent PV power unit.
Based on capacity weighting, Pan considered whether the PV cells were obstructed or not, idealizing the external characteristics of PV cells, and then identified the parallel number of equivalent PV modules in a PV power plant and established an equivalent model of the original system [33] . In the combined model of wind, PV, and energy storage system, the main work is to analyze the dynamic characteristics of each unit and establish the electromechanical transient model of each unit. Based on the principle of capacity equal weighting and loss invariance, the wind farm and PV power plant models were obtained [34] . Wang proposed a single-machine "double multiplication" model that ran at full capacity and applied it to more severe operating conditions, which reduced the equivalence error caused by different disturbances in practical projects [35] .
In [36] , Thevenin equivalence and inertia adjustment were used to equivalently aggregate PV power plants controlled by a synchronous power controller into one PV power generation unit. The Norton equivalent model of the PV inverter was established in [37] , where the resonance phenomenon of large-scale PV power plant was analyzed, and the parameters of the inverter were equivalently aggregated. As above-mentioned, idealized capacity equal weighted situations can be equivalent to the single-machine model only on the basis of equivalent requirements with lower precision.
Parameter Identification Method
Under normal circumstances, the equivalent conditions of PV power plants cannot be idealized. At this time, the model parameters can be identified by the algorithm according to the input and output characteristics of the PV power plant, and the identified parameters are used as the parameters of the single-machine equivalent model [38] . To identify parameters for a system, the usual solution steps are as shown in Figure 2 . of each unit. Based on the principle of capacity equal weighting and loss invariance, the wind farm and PV power plant models were obtained [34] . Wang proposed a single-machine "double multiplication" model that ran at full capacity and applied it to more severe operating conditions, which reduced the equivalence error caused by different disturbances in practical projects [35] .
Under normal circumstances, the equivalent conditions of PV power plants cannot be idealized. At this time, the model parameters can be identified by the algorithm according to the input and output characteristics of the PV power plant, and the identified parameters are used as the parameters of the single-machine equivalent model [38] . To identify parameters for a system, the usual solution steps are as shown in Figure 2 . In the study of parameter identification in PV systems, scholars have made significant progress. In [39] , a linear dynamic system with multiple input and output ports was applied to PV inverters. Based on the theory of least squares, structure identification and parameter estimation of PV inverters were carried out. In [40] , considering that the PV grid-connected inverter as a linear model would lead to large errors, it was proposed to consider it as a two-input and two-output nonlinear black box system. The Wiener model of a single-phase PV grid-connected inverter was obtained by using nonlinear system identification technology based on the external measurement data of the direct current (DC) and alternating current (AC) sides of a grid-connected inverter. Using the single-machine equivalent model obtained by parameter identification to replace the detailed model of the largescale PV power plant has higher accuracy and meets the real situation; however, this method cannot take into account the type of inverter or the internal structure of the PV power plant. The obtained equivalent model is not widely applicable.
In actual large-scale PV power plants, the types of inverters may vary. Moreover, the external environment for different PV power generation units is different. Even though the types and In the study of parameter identification in PV systems, scholars have made significant progress. In [39] , a linear dynamic system with multiple input and output ports was applied to PV inverters. Based on the theory of least squares, structure identification and parameter estimation of PV inverters were carried out. In [40] , considering that the PV grid-connected inverter as a linear model would lead to large errors, it was proposed to consider it as a two-input and two-output nonlinear black box system. The Wiener model of a single-phase PV grid-connected inverter was obtained by using non-linear system identification technology based on the external measurement data of the direct current (DC) and alternating current (AC) sides of a grid-connected inverter. Using the single-machine equivalent model obtained by parameter identification to replace the detailed model of the large-scale PV power plant has higher accuracy and meets the real situation; however, this method cannot take into account the type of inverter or the internal structure of the PV power plant. The obtained equivalent model is not widely applicable.
In actual large-scale PV power plants, the types of inverters may vary. Moreover, the external environment for different PV power generation units is different. Even though the types and parameters of inverters are the same, the operating conditions may be different. The single-machine equivalence is simple and convenient. However, there is a big error in studying the dynamic response characteristics of an entire PV power plant by replacing all of the PV power generation units with one equivalent power generation unit [41] . In this case, the new equivalent method needs to be considered. On the basis of the simplification of the PV power plant equivalent model, it is important to meet the accuracy requirements by controlling the error within the scope.
The Multi-Machine Equivalent Models of PV Power Plants
According to the situation where the error of single-machine equivalence is large in a PV power plant, it is necessary to obtain a reasonable grouping index based on the transient response characteristics of inverters under different operating conditions and to group the PV components, establishing multi-machine equivalent models. The schematic diagram of the grouping results of PV power plants is shown as Figure 3 . equivalence is simple and convenient. However, there is a big error in studying the dynamic response characteristics of an entire PV power plant by replacing all of the PV power generation units with one equivalent power generation unit [41] . In this case, the new equivalent method needs to be considered. On the basis of the simplification of the PV power plant equivalent model, it is important to meet the accuracy requirements by controlling the error within the scope.
According to the situation where the error of single-machine equivalence is large in a PV power plant, it is necessary to obtain a reasonable grouping index based on the transient response characteristics of inverters under different operating conditions and to group the PV components, establishing multi-machine equivalent models. The schematic diagram of the grouping results of PV power plants is shown as Figure 3 . In Figure 3 , a large number of PV generating units in the PV power plant were divided into n (n > 1) representative groups. The PV power generation units in the same group have similar dynamic response characteristics, while the dynamic characteristics of PV power generation units between the different groups can be different [42] . The equivalent parameters of each group were obtained, and all of the PV units in the same group were equivalent to one unit. Therefore, n groups have n representative units, which form a simplified n-unit equivalent model. This section focuses on the process of grouping PV power generation units. The calculation of the equivalent parameters of each group will be discussed in the next section. In Figure 3 , a large number of PV generating units in the PV power plant were divided into n (n > 1) representative groups. The PV power generation units in the same group have similar dynamic response characteristics, while the dynamic characteristics of PV power generation units between the different groups can be different [42] . The equivalent parameters of each group were obtained, and all of the PV units in the same group were equivalent to one unit. Therefore, n groups have n representative units, which form a simplified n-unit equivalent model. This section focuses on the process of grouping PV power generation units. The calculation of the equivalent parameters of each group will be discussed in the next section.
For the equivalence of large-scale PV power plants, the core contents include the selection of grouping indexes and the choice of grouping methods. The selection of grouping indexes has a significant impact on the effect of equivalence. The indexes can be classified into three categories: feature distance based on control parameters; external characteristics; and iconic demarcation point. After selecting the grouping index, the appropriate grouping method should be chosen to group. The specific summary is shown in Table 3 . Refining the most critical grouping index from the variables in the inverter is the key to grouping the PV power plant. The grouping index needs to be able to characterize the operating conditions of units, disturbance, and the information of the network topology [43] . At present, these are the following types of reasonable grouping indexes:
(1) Feature distance based on control parameters
Taking the feature distance between all of the PV power generation units as an index to group the PV power plant is commonly used for grouping. In the same control mode, the control parameters of the inverter have a significant impact on the dynamic response characteristics of the PV power plant. The differences of the control parameters can directly reflect their different dynamic characteristics [44] . Therefore, the distance between the vector of parameters of every two inverters can be used as the feature distance. Using control parameters to group is accurate, but the index is difficult to obtain and quantify. The practical application of taking feature distance based on control parameters as the grouping index is shown in Table 4 . Table 4 . The index of feature distance based on the control parameters.
Grouping Index Practical Application Results
Feature distance based on control parameters
Multiply control parameters by the sensitivity coefficient of parameters [41] Improved index can fully reflect the impact of control parameters on the system Establish an offline database of parameter sensitivity and reference response curves [44] Increasing adaptability to actual conditions
The indexes of feature distance are calculated respectively for PI control (proportional integral) and low voltage control strategy [45] The disturbance conditions of different control strategies are separated to improve the equivalent precision
The filter inductance coefficient of PV inverter is included in the indexes of feature distance [46] The dynamic response characteristics of the inverter are fully reflected (2) External characteristics
Using the output external characteristics of the PV inverter as grouping indexes is a more direct method for grouping. External characteristics generally include active power, reactive power, output voltage, and output current. Active power and reactive power are the integrated manifestation of voltage and current, which are more representative in the indicators of the transient response characteristics of the inverter. Therefore, the active power and reactive power are more commonly used as the grouping indexes of PV power plants. It is also considered that the reactive power at the point of common coupling (PCC) can be adjusted not only by the PV inverter itself, but also by the reactive power compensation device. Therefore, compared with reactive power, active power is more appropriate to analyze the transient response characteristics. In [47] , it was considered that current and active power play an important role in the fault response characteristics. The clustering characteristics of active power and current transient response curves were analyzed. In order to prevent the impact of the sudden change of active power on the PV units and power grid at the moment of fault removal, active power slope recovery control can be added after fault removal [48] . In view of the control strategy considering the active power slope recovery of the inverter, Fan measured the active power output of each PV power generation unit in real time. The PV power generation units were divided into three groups: high-power condition, medium-power condition, and low-power condition. The final results were obtained by group correction and the equivalence model had good adaptability to the disturbance of light intensity, fault time, and fault location [49] . However, when the control parameters of the inverter are inconsistent, the output external characteristics may not accurately reflect the transient response of the PV power generation units, and the equivalent precision will be greatly deviated. The question of how to find a grouping index that can accurately reproduce the transient response characteristics of a PV power plant is the key to the equivalence modeling research.
(3) Iconic demarcation point Using output external characteristics or control parameters to group PV power generation units needs the use of a clustering algorithm to deal with the data. The characteristics of the margins in each group have a certain error and the equivalence accuracy is not high. Therefore, looking for the grouping basis with higher accuracy, that is, using the iconic demarcation point to group, is an important branch of the equivalence modeling research. In doubly-fed induction generator (DFIG) wind farms, the action of crowbar protection during the fault is the principle of grouping to establish the equivalent model of wind farms [50] . In [51] , Tang proposed a control strategy of adding a DC-chopper protection circuit on the DC side of the inverter in light of the operation characteristics of the PV power plant at a low voltage ride through. Figure 4 shows the DC-chopper protection in the PV power generation unit, which is constituted by the unloading resistance. An Insulated Gate Bipolar Transistor (IGBT) switch is used to connect the unloading resistance to the DC side circuit or remove it according to the voltage signal to control the opening or closing of the protection circuit. (3) Iconic demarcation point Using output external characteristics or control parameters to group PV power generation units needs the use of a clustering algorithm to deal with the data. The characteristics of the margins in each group have a certain error and the equivalence accuracy is not high. Therefore, looking for the grouping basis with higher accuracy, that is, using the iconic demarcation point to group, is an important branch of the equivalence modeling research. In doubly-fed induction generator (DFIG) wind farms, the action of crowbar protection during the fault is the principle of grouping to establish the equivalent model of wind farms [50] . In [51] , Tang proposed a control strategy of adding a DCchopper protection circuit on the DC side of the inverter in light of the operation characteristics of the PV power plant at a low voltage ride through. Figure 4 shows the DC-chopper protection in the PV power generation unit, which is constituted by the unloading resistance. An Insulated Gate Bipolar Transistor (IGBT) switch is used to connect the unloading resistance to the DC side circuit or remove it according to the voltage signal to control the opening or closing of the protection circuit. The PV power plants can be divided into three groups according to the different actions caused by the DC bus voltage changes as well as the unloading resistance operation states during the fault: the unloading resistance turns on; the DC bus voltage increases but the unloading circuit operation threshold is not reached when the fault is removed; and the DC bus voltage slightly fluctuates around the normal value [52] . Using the protection circuit or the switching state of the unloading resistance to group, which has an iconic demarcation point and accurate grouping results, eliminates the dependence on the clustering algorithm. However, it is difficult to find the iconic demarcation point as the information of boundary points is difficult to obtain and some operational characteristics are not considered.
Grouping Method
After obtaining the grouping indexes, the PV power plants need to be grouped according to the index. The clustering algorithm or operating state of units can be used to group. Clustering is the process of dividing a large amount of data into several different groups. For a PV power plant, the clustering task is completed by determining the similarity of the previously selected grouping indexes in the data attributes, so that the similarity of feature vectors of the same group is larger than that of different groups [53, 54] . The essence of grouping by the operating state of units is to use the iconic demarcation point to group. A comparison of the grouping methods is shown in Table 5 . The PV power plants can be divided into three groups according to the different actions caused by the DC bus voltage changes as well as the unloading resistance operation states during the fault: the unloading resistance turns on; the DC bus voltage increases but the unloading circuit operation threshold is not reached when the fault is removed; and the DC bus voltage slightly fluctuates around the normal value [52] . Using the protection circuit or the switching state of the unloading resistance to group, which has an iconic demarcation point and accurate grouping results, eliminates the dependence on the clustering algorithm. However, it is difficult to find the iconic demarcation point as the information of boundary points is difficult to obtain and some operational characteristics are not considered.
After obtaining the grouping indexes, the PV power plants need to be grouped according to the index. The clustering algorithm or operating state of units can be used to group. Clustering is the process of dividing a large amount of data into several different groups. For a PV power plant, the clustering task is completed by determining the similarity of the previously selected grouping indexes in the data attributes, so that the similarity of feature vectors of the same group is larger than that of different groups [53, 54] . The essence of grouping by the operating state of units is to use the iconic demarcation point to group. A comparison of the grouping methods is shown in Table 5 . The action of protection circuit [50] ;
Eliminates the dependence on the clustering algorithm;
The operating state is difficult to evaluate; Some operational characteristics are not considered
The switching state of the unloading resistance [51, 52] In the research of PV power plant equivalence modeling, the k-means clustering algorithm has been more commonly used, but the result of the grouping obtained by this method is greatly affected by the k value, which increases the uncertainty of the equivalent model. Fuzzy clustering is a mathematical method for classifying objective things by establishing fuzzy similar relations [55] . In [41] , the traditional fuzzy C-means (FCM) algorithm had the defects of unreasonable initialization of the membership matrix. The improved FCM algorithm was used to realize the dynamic clustering of PV inverters. The objective functions of generic membership function and FCM algorithm were established, and the grouping results were obtained by iteratively solving the optimal clustering center and fuzzy membership matrix. Using the spectral clustering algorithm based on the diffusion mapping theory to group the actual operation data of the PV power generation units, the similarity of the dynamic response between the units can also be found to perform the equivalence modeling [56, 57] . In order to deal with the clustering of PV power plants under different operating conditions, a more advanced and operational SVM clustering algorithm can be selected. In [58] , Teng improved the traditional homology equivalence method by analyzing real time operating data, and proposed a covariate equivalence method based on SVM, and verified the accuracy and robustness of the SVM classifier. A detailed description of grouping by operating state of units has been provided in Section 4.2.1. It can eliminate the dependence on the clustering algorithm and group accurately; however, sometimes the operating state is difficult to evaluate and some operational characteristics such as active power may not be considered.
Calculation of Equivalent Parameters
After grouping the PV power generation units in the PV power plant, it is necessary to calculate the equivalent parameters of each group in multi-machine equivalence in order to better simulate the dynamic response process of the PV power plant in transient stability analysis. Equivalent parameters are generally calculated by capacity equal weighting and parameter identification [59, 60] .
Capacity Equal Weighted Method in Multi-Machine Equivalence
The capacity equal weighted method is used to deal with the parameters of inductors, capacitors, transformers, and PV arrays in PV power plants. The core idea is the same as the capacity equal weighted method in Section 4.1.1. The capacity equal weighted method using the multiplication idea can effectively reduce the difficulty of computing the parameters of the equivalent model. However, this method needs to be based on more accurate grouping. In actual cases, there may be large errors regarding the equivalent parameters calculated by the capacity equal weighted method, and the simulated characteristic curves are quite different from the detailed models [61] .
Parameter Identification Method in Multi-Machine Equivalence
In light of the defect where the capacity equal weighting is too idealized, parameter identification can be used to obtain the parameters of the PV equivalent model. The parameters of equivalent model are identified based on PV system models such as the linear dynamic system and the nonlinear black box system, as described in Section 4.1.2. In addition, using a parameter identification algorithm to identify and optimize the equivalent parameters to improve the fitting precision of the characteristic of the PV power plant was also the current focus of the study. Generally, the important parameters of the equivalent model can be identified by the genetic algorithm, while the secondary parameters can be determined by statistical synthesis [62] . If the particle swarm optimization algorithm is used to identify the unknown parameters step by step in the PV equivalent model, the equivalence accuracy is high, but the process of calculation is complicated [63] .
Equivalence of Power Collection System
The dynamic influence of the PV power plant power collection system mainly comes from the topology of the PV power plant and the length of the line as well as some electrical equipment such as transformers and loads. The equivalence of the power collection system is based on the principle of constant impedance loss and constant voltage at PCC [64] . In general, the topological structure of the PV power plant should be considered, as shown in Figures 5 and 6 , and the equivalent impedance and equivalent admittance of the power collection line of the trunk topology and the radial topology are calculated respectively [49] .
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Conclusions
This paper focused on the equivalence modeling of a large-scale PV power plant, and expounded the steady-state equivalent model and transient equivalent model, respectively. The single-machine equivalence and multi-machine equivalence in transient equivalence were introduced emphatically. Aiming at the selection of grouping indexes and grouping methods in multi-machine equivalence, a detailed description was given. A brief introduction to the calculation of equivalent parameters and the equivalence of power collection system was also given. At present, the research on equivalence modeling of the PV power plant is still limited to a relatively few studies, and many problems need to be found and solved urgently. According to the current research status, there are several aspects that need further research and improvement:
(1) How to extract the most critical grouping index in operational variables to make the grouping result more accurate and reasonable. It is difficult to characterize the transient characteristics of the PV power generation units comprehensively through the existing grouping indexes. Whether it can be combined with statistical principles and principal component analysis to extract the main features for equivalence modeling is worth studying. 
